The phase composition curve of frozen soils is a fundamental relationship in understanding permafrost and seasonally frozen soils. However, due to the complex interplay between adsorption and capillarity, a clear physically based understanding of the phase composition curve in the low temperature range, i.e., <265 K, is still absent. Especially, it is unclear whether the Young-Laplace equation corresponding to capillarity still holds in nano-size pores where adsorption could dominate. In this paper, a framework based on molecular dynamics was developed to investigate the phase transition behavior of water confined in nano-size pores. A series of simulations was conducted to unravel the effects of the pore size and wettability on the freezing and melting of pore water. This is the first time that the phase composition behavior of frozen soils is analyzed using molecular dynamics. It is found that the Young-Laplace equation may not apply in the low temperature range.
Introduction
In the northern hemisphere, approximately 26% of the land surface is occupied by permafrost regions (Zhang et al. 2003) . Therefore, the behavior of geomaterials in cold environments is a continuous issue challenging researchers and engineers. For example, the presence of ice in soils will significantly reduce their hydraulic conductivities and increase their shear strength (Painter and Karra 2014) , which is of critical importance to assess the performance of infrastructures and geo-hazards in cold regions.
The freezing and melting temperatures of pore water are different from those of pure bulk water due to the temperature depression effect caused by the confinements of narrow pores (Alba-Simionesco et al. 2006) . The Clapeyron equation is widely adopted to depict this depression effect in terms of water and ice pressure differences (e.g., Williams and Smith 1989; Sheng et al. 2013; Painter and Karra 2014; Zhang et al. 2016c ). The temperature depression could be calculated using a generalized form of the Clapeyron equation (e.g., Morgenstern 1980, 1981; Watanabe and Flury 2008; Liu and Yu 2013): (1)
where T 0 is the freezing point of pure bulk water (= 273.15 K); is matric suction; w is the density of water (= 1.0 × 10 3 kg/m 3 ); and L a is the latent heat of water fusion (= 3.34 × 10 5 J/kg). By combining eq. (1) with the soil water characteristic curve (SWCC), a mathematical model that relates the unfrozen water content to the temperature can be obtained (Painter and Karra 2014) , which is referred to as the phase composition curve (PCC) (Liu and Yu 2013) . The applicability of this approach has been validated by a group of researchers in saturated frozen soils (e.g., Koopmans and Miller 1966; Spaans and Baker 1996) . Despite these experimental validations, there are still some problems in need of clarifications. Due to the similarity in physical mechanisms, the SWCC was found to be analogous to the soil freezing characteris-tic curve (SFCC) (e.g., Koopmans and Miller 1966; Spaans and Baker 1996) , which is the reason why a PCC was usually obtained by combining eq. (1) with the SWCC of the same soil. In the high suction range of SWCCs, adsorption rather than capillarity dominates matric suction (Lu and Likos 2004) . As a result, conventional SWCC models are not capable of accurately capturing the soil-water characteristics in the high suction range (Webb 2000; Likos and Yao 2014) . As for frozen soils, the high suction range of SWCCs corresponds to the low temperature range of their SFCCs. Therefore, it remains obscure whether the aforementioned method is applicable to describing the phase composition behavior in the low temperature range.
In addition to SWCCs, the bundle of ylindrical capillary (BCC) model has been frequently adopted as a conceptual model to interpret the behavior of both partially saturated and partially frozen soils (e.g., Mualem 1976; Watanabe and Flury 2008; Liu and Yu 2013) . By employing the BCC model, the Clapeyron equation and the capillary condensation relationship (Young-Laplace equation), a closed-form mathematical model could be derived for the PCC. Liu and Yu (2013) selected the Young-Laplace equation (Young 1805; Laplace 1806) to represent the matric suction in capillary tubes as
where ⌬p is the pressure difference across the water-ice interface; ␥ is the surface tension on the water-ice interface; n is the unit outward normal vector of the interface. It is well acknowledged that the adsorptive effect, which is not considered in the YoungLaplace equation, could dominate matric suction in minuscule pores (e.g., Or and Tuller 1999; Bachmann and van der Ploeg 2002) . Therefore, this approach is still incomplete for describing the PCC in the low temperature range. Molecular dynamics (MD) simulation has been recognized as an efficient tool to investigate complex physical and chemical processes. It has been successfully implemented to study the phase transition of water (e.g., Koga et al. 2001; Gonzalez Solveyra et al. 2011; Moore and Molinero 2011; Moore et al. 2012) . Koga et al. (2001) utilized MD simulations to study the phase behavior of water encapsulated in carbon nanotubes. Moore et al. (2012) investigated the temperature depression effects of water confined in amorphous nanopores. Their MD simulations have shown excellent performance in predicting the ice nucleation and melting temperature in the nano-size pores (Gonzalez Solveyra et al. 2011; Moore et al. 2012 ). In the geotechnical community, MD simulations have already been applied to understand some complex soil problems, such as the seepage and diffusion behavior of clay minerals (e.g., Ichikawa et al. 2002; Bourg and Sposito 2010) , the mechanical behavior of clay minerals (e.g., Katti et al. 2007 Katti et al. , 2015 , multi-scale modeling of geomaterials (Song et al. 2007) , and the meniscus of the capillary water between clay particles Anandarajah and Amarasinghe 2011; Zhang et al. 2017b ). However, these existing studies have not addressed the influence of pore size on the temperature depression effect and the interplay of adsorption and capillarity, which is critical to understanding the behavior of frozen soils.
To obtain a physically based PCC model, it is indispensable to express matric suction, , as a function of common soil properties, such as pore-size distribution, wettability, and pore shape. With a value greater than 10.0 MPa, matric suction lies in the "tightly adsorptive regime" of SWCCs where adsorption dominates matric suction (McQueen and Miller 1974; Lu and Likos 2004) . According to eq. (1), such a high suction could depress the freezing and melting points to a value <265 K. For convenience, we will call temperatures <265 K as the "low temperature range" in this paper. Neither conventional SWCC models nor the YoungLaplace equation could well represent the frozen soil behavior in the low temperature range due to the complex interplay of adsorption and capillarity. Instead, the phase behavior of water confined in nano-size pores (nanopore) in soils, possibly including both capillarity and adsorption, governs the PCC in the low temperature range. According to eq. (2), the diameter of such pores is approximately estimated to be <10 nm. Therefore, an investigation into the freezing and melting of water confined in nanopores is a necessary step forward towards a thorough understanding of the PCC in the low temperature range. In this study, the phase behavior of water confined in nanopores was investigated using MD simulations. The nanopores were represented by cylindrical tubes with nano-size dimensions corresponding to the low temperature range of the PCC. A series of parametric studies was conducted to investigate the influence of the pore size and wettability.
Physical origin of temperature depression effect
The surface energy of ice is much different from that of liquid water. Therefore, the ice-water-solid interface can be highly curved and form an acute contact angle. As shown in Fig. 1 , a contact angle of ␣ is formed at the ice-water-solid interface due to the interaction among the ice-solid surface tension ␥ IS , the icewater surface tension ␥ IW , and the solid-water surface tension ␥ SW . Because the surface energy of ice is higher than that of water, the ice-water interface is usually convex and ␣ is around 0°. According to the Young-Laplace equation, a pressure difference or matric suction will develop across the ice-water interface, leading to the fact that the ice phase exhibits a higher pressure than water.
The phase behavior of pore water can be explained using a phase diagram that depicts the phase behavior as a function of the pressure, P, and temperature, T. A typical phase diagram for water is illustrated in Fig. 2 (Çengel et al. 2004 ). The red lines in the diagram mark the transition boundaries between different phases. The axis translation technique (Lu and Likos 2004 ) then can be used to extend this diagram from pure bulk water to pore water. That is, the pressure in liquid water is assumed to be fixed at a reference pressure such as one atmosphere while the ice pressure is increased to maintain the pressure difference. As shown in Fig. 2 , the pressure of the ice confined in pores is larger than the atmospheric pressure due to the matric suction. Along the boundary between the ice and liquid water, the phase transition temperature, i.e., melting temperature, decreases with the increase in pressure. As a result, the melting point of the ice confined in nanopores is depressed to a value <273.15 K. This physical phenomenon can be quantified via the Clapeyron equation (eq. (1)).
As for the conceptual model in Fig. 1 , it is feasible to adopt the Young-Laplace equation to represent matric suction, . Then, a mathematical model for the temperature depression effect could be conveniently obtained with the aid of the Clapeyron equation. However, it is questionable whether the conceptual model in Fig. 1 still holds in nano-size pores where the ice-water-solid interfacial interactions are much more complex. Figure 3 schemat- Liu et al. 2003 ) and matric suction. [Color online.] ically depicts the phase arrangement in a partially filled nanopore (Findenegg et al. 2008) . It could be observed that vapor, liquid water, and ice may coexist in the nanopore within a certain temperature range. Moreover, adsorptive water does not freeze, but instead, forms a thin film between the solid and ice (Mitchell and Soga 2005) . The thickness of adsorptive water was found to be 0.5-1.0 nm (Anderson and Hoekstra 1965) . Therefore, adsorption may have a significant effect and thus cannot be ignored in nanosize pores.
Models and methods

Force field and molecular model
Various water models have been proposed for the molecular modeling of water, such as the simple point charge (SPC) model (Berendsen et al. 1981) , the extended simple point charge (SPC/E) model (Berendsen et al. 1987) , the three point transferable intermolecular potential (TIP3P) model, and the four point transferable intermolecular potential (TIP4P) model (Jorgensen et al. 1983 ). Most of these atomistic water models could not well reproduce the crystal structures and phase transition behavior of water (Moore et al. 2010) . Also, the computational costs of these atomistic models are remarkably high due to the need to calculate the long-range Coulombic force (Molinero and Moore 2009; Moore et al. 2010 ). Molinero and Moore (2009) developed the monoatomic water model (mW model), i.e., a coarse-grained water model, to speed up the computational time under the premise of well reproducing the thermodynamic properties, structural anomalies and phase transition behavior of water. In the mW model, the water-water interaction is modeled by only shortrange interactions based on the similarities between water and silicon. As a result, the calculation of the long-range Coulombic force is avoided, and the computational cost is significantly reduced. A detailed justification of the mW model can be found in Molinero and Moore (2009) . Recently, the mW model has been widely adopted to investigate various behaviors of confined water, e.g., sorption isotherms (De La Llave et al. 2012) , phase transitions (Moore et al. 2012) , and effective stress evolution (Zhang et al. 2016b) .
In this study, the mW model was selected considering its accuracy and relatively low computational costs. The mW model can be represented by the Stillinger-Weber potential (Stillinger and Weber 1985) as a combination of the pairwise potential, 2 , and three body potential, 3
where 2 defines a pairwise interaction between water molecules; r ij is the distance between atom i and atom j; 3 is a repulsive three-body potential to penalize configurations with nontetrahedral angles and thus controls the crystallization of water; ijk is the angle between the vectors r ij and r ik ; A = 7.049 556 277; is the energy scale of the pairwise interaction (= 6.189 kcal/mol); B = 0.602 224 558 4; is the length scale of the pairwise interaction (= 2.3925 Å) and therefore controls the equilibrium distance between water molecules; p ij = 4; q ij = 0; a = 1.8; denotes the strength of the repulsive three-body potential (= 23.15) and is referred to as the tetrahedrality parameter; 0 is the "ideal" tetrahedral angle (= 109.47°); ␥ = 1.2. In a water-nanopore system, three types of interatomic interactions need to be considered: the water-water interaction, the nanopore-nanopore interaction, and the water-nanopore interaction. All these interatomic interactions were modeled in terms (5)). The difference between the potentials for different types of interaction lies in the values of the tetrahedrality parameter , the length scale , and the energy scale . For clarity, the tetrahedrality parameter, length scale, and energy scale for the water-nanopore interaction were denoted as wn , wn , and wn , respectively. The default values in the original mW model were used for the water-water interaction and the nanopore-nanopore interaction while adjusted values were adopted for the water-nanopore interaction (Moore et al. 2012 ). The parameter wn was set to 3.2 Å to eliminate the diffusion of water atoms into the nanopores. The parameter wn was set as 0.0 to reduce the tetrahedrality of the potential. The wettability of nanopores was controlled by the values of the characteristic energy wn . The adopted values of wn are 0.3, 0.4, 0.6, and 0.7 kcal/mol. The variation of the wettability with the waternanopore interaction characteristic energy wn is schematically shown in Fig. 4 .
Initial configuration
As illustrated in Fig. 5 , the initial configuration of the simulated water-nanopore system is a cylindrical nanotube filled with a body of water. The water body was placed at the center of the nanopore. The dimensions of the simulation cell were set to 6D × (D + 10 Å) × (D + 10 Å), where D is the diameter of the pore. The exact dimensions were adjusted to be integer multiples of the lattice constants of the solid.
The primary aim of this study is to elucidate the influence of adsorption on the temperature depression and investigate the validity of the Young-Laplace equation in the low temperature range. The face-centered cubic (FCC) crystal structure is ubiquitous in engineering practice and frequently selected to test the validity of classical theories or equations (e.g., Luan and Robbins 2005; Cheng and Robbins 2014) . Therefore, the nanopore was modeled as an FCC crystal structure herein to preliminarily answer whether Young-Laplace equation applies in the low temperature range. At first, the FCC crystal unit cells were stacked along the x-, y-, and z-directions to reach a size around 6D × (D + 10 Å) × (D + 10 Å). Then a cylindrical nanopore with a diameter of D was carved at the center of the supercell. It should be noted that the length of the nanopore can be regarded as infinite with the aid of periodic boundary conditions. A harmonic bond was added between the nanopore (solid) atoms to retain the FCC structures during the simulation process (Luan and Robbins 2005) . The equilibrium length of the bond was identical to the parameter . The spring constant for the harmonic bond was calibrated as 60 kcal/mol. To investigate the nanopore size effects, six nanopore diameters were used: 1, 2, 3, 4, 5, and 6 nm. According to eq. (2), the upper bound of the "low temperature range", i.e., 265 K, approximately corresponds to the matric suction provided by the nanopore with a diameter of 10 nm. Therefore, it is better to extend the simulated nanopore diameter to 10 nm. However, even with the mW model, the computational cost for this kind of MD simulation is still tremendously expensive. For example, it took approximately 33 days to finish one D = 6 nm simulation case with 64 CPU cores (Intel Sandy Bridge E5-2670 2.60 GHz). Therefore, the maximum nanopore diameter adopted for the MD simulations was 6 nm in this study.
The initial configuration of the water body was generated by the packing optimization for molecular dynamics simulations (PACKMOL) (Martínez et al. 2009 ), which is an open-source package developed for generating good initial configurations without disrupting simulations. The initial configuration of the water body was modeled as a cylinder. The diameter of the water cylinder was set as D-3.1 Å, which is a little smaller than that of the nanopore, to avoid a bad initial configuration. The length of the water cylinder was set as 4D, which is smaller than the length of the nanopore (6D) to reserve extra space for the water expansion upon freezing. The number of water molecules to fill in the cylinder was determined by ensuring that the pore water has the same density as bulk liquid water.
Simulation setups
Quantification of nanopore wettability
A quantitative analysis is firstly needed to relate the wettability of nanopores to the characteristic interaction energy wn . The contact angle was selected as the indicator to quantify the wettability. The contact angles of nanopores were determined using an MD simulation method reported in Zhang et al. (2016a) . In this method, the initial simulation system was set up as a body of water placed above an infinite nanopore slab and referred to as the sessile droplet system. The system was equilibrated under a constant number of particles, volume, and temperature (NVT) ensemble at a constant temperature of 300 K. The simulations were run for a process of 3 ns with an integration time step of 1.0 fs. The molecular trajectories in the last 2 ns were recorded to determine the time average density profiles that were later used for the determination of contact angles. More detailed simulation settings and procedure for determining contact angles could be found in Zhang et al. (2016a) .
Simulations of freezing and melting process
The freezing and melting simulations of the water-nanopore system were conducted under the constant number of particles, pressure, and temperature (NpT) ensemble at p = 1.0 atm and varying temperatures. As shown in Fig. 6 , three steps of MD simulations, i.e., ice crystallization, rough estimation of melting point, and accurate estimation of melting point, were adopted to investigate the freezing and melting behavior of the water-nanopore systems. First, the initial water-nanopore system was equilibrated at a constant temperature of T c for 100 ns. During this step, the water confined in the nanopores crystallized. However, the crystallized ice consisted of different types of ice structures. To obtain a single crystallite ice, the system was further annealed under the NpT ensemble at a slightly higher temperature of T a for 400 ns (Moore et al. 2012) . Then the ice crystallization step was finished and the initial ice-nanopore system was obtained. Second, the obtained initial ice-nanopore systems were continuously heated under NpT ensemble from T a to the final temperature in the heating step, T f , at a rate of 0.5 K/ns. For every snapshot, the amount of ice was identified to quantify the phase transition of water. The ice structure identification was carried out using the common neighbor analysis (Honeycutt and Andersen 1987) , which is an algorithm aimed to characterize local crystal structures. A detailed description of the common neighbor analysis can be found in Honeycutt and Andersen (1987) and Faken and Jónsson (1994) . This algorithm has been implemented in the open visualization tool (OVITO) (Stukowski 2010) . The melting point could be roughly estimated as the temperature T r at which all the ice melts. Third, the obtained initial ice-nanopore system from the first step was continuously heated from the temperature T a to the temperature T r -10 K at a rate of 0.5 K/ns. Then the system was heated to T r + 10 K by 2 K at a time. At each temperature increment, the system was equilibrated for 50 ns. The melting point could be accurately determined as the temperature T m at which the amount of ice turns into zero. It should be noted that the values of T c , T a , and T f are different for nanopores with different pore diameters, which are summarized in Table 1 .
The boundaries in all the directions of the simulation box were set as periodic to reduce the surface effect (Liu et al. 2004 ). All the MD simulations were conducted with the large-scale atomic/ molecular massively parallel simulator (LAMMPS) distributed by the Sandia National Laboratories (Plimpton 1995; Plimpton et al. 2007 ) and visualized with the OVITO (Stukowski 2010) . The Newton's equations of motion were integrated with a time step of 10.0 fs.
Results and discussions
Wettability of nanopores with different characteristic interaction energies
The water droplet was placed on the nanopore slabs with a characteristic interaction energy of 0.3, 0.4, 0.6, and 0.7 kcal/mol. It is expected that the simulated systems reached statistical equilibrium after 1 ns when the total potential energy kept fluctuating around a certain value. Therefore, the molecular trajectories in the last 2 ns can be used to determine time average density profiles. Figure 7 shows the snapshots of the sessile droplet systems in equilibrium. It can be observed that the contact area between the droplet and nanopore slab increases with an increasing wn , supporting the assumption that the wettability can be changed by adjusting wn . The nanopore with wn = 0.3 kcal/mol was typically hydrophobic while the nanopores with wn = 0.6 or 0.7 kcal/mol were hydrophilic.
The contact angle between the water-vapor interface and the solid surface was selected as the indicator of wettability of the nanopore and was determined using the method proposed in Note: T c , constant temperature; T a , annealed temperature; T f , final temperature in heating step. Zhang et al. (2016a) . It is worthwhile to mention that this contact angle is different from the contact angle mentioned in section titled "Physical origin of temperature depression effect", the angle that is formed by the ice-water interface and solid surface. Figure 8 illustrates the determination of the contact angles of the sessile droplet systems with different wn values. The contact angles were measured as 112°with wn = 0.3 kcal/mol, 82°with wn = 0.4 kcal/mol, 49°with wn = 0.6 kcal/mol, and 26°with wn = 0.7 kcal/mol. Compared with the simulation results from Zhang et al. (2016a) , the contact angles of the nanopores with wn = 0.6 and 0.7 kcal/mol are analogous to those of ␣-quartz and orthoclase while the contact angle of the nanopore with wn = 0.3 kcal/mol is analogous to that of muscovite. Therefore, it is reasonable to use these nanopores to represent the wettability of soil minerals.
Effects of wettability of nanopores
The freezing and melting simulations were performed on the water-nanopore systems with a diameter of 4 nm and varying wn values, i.e., 0.3, 0.4, 0.6, and 0.7 kcal/mol, to examine the influence of the nanopore wettability on the phase behavior of the pore water. Figure 9 shows the representative snapshots of the melting processes of crystallized ice in the nanopores with wn = 0.3 and 0.7 kcal/mol. As can be seen, more water molecules were adsorbed to the nanopore surface with wn = 0.7 kcal/mol than that with wn = 0.3 kcal/mol as a result of its higher characteristic interaction energy. It is interesting to point out that the water molecules adsorbed to the nanopore surface outside the bulk water could not crystallize even under extremely low temperatures. To confirm this, we cooled the water-nanopore system to 50 K and equilibrated for 400 ns. No crystal structures of ice were observed in the adsorptive water molecules outside the bulk water. This observation confirms the existence of the pre-melted adsorptive water layer in the nanopore surface (e.g., Iwata et al. 1995; Mitchell and Soga 2005) . As temperature increased, the pre-melted adsorptive water layer between the ice and nanopore surface became thicker and thicker. Meanwhile, the ice in contact with the vacuum transformed into liquid water at first and then gradually formed a thin liquid water film, which is consistent with the conceptual model depicted in Fig. 3 . Eventually, all the ice turned into the liquid phase at a temperature that was identified as the melting point. The melting points in moderately hydrophobic and hydrophilic nanopores, i.e., wn = 0.4 and 0.5 kcal/mol, were both 222 K. However, the melting points in strongly hydrophilic and hydrophobic cases slightly decreased and increased, respectively: 218 K for wn = 0.3 kcal/mol and 226 K for wn = 0.7 kcal/mol. These results are qualitatively consistent with the observation of Moore et al. (2012) on the amorphous nanopores. Figure 10 illustrates the unfrozen water fraction -temperature curves with different nanopore wettabilities. The unfrozen water fraction was determined by a time average over the last 10 ps of every temperature step. In general, as the contact angle increased, the initial unfrozen water fraction decreased due to the fact that fewer water molecules were adsorbed to the nanopore surface. The unfrozen water fraction gradually increased with an increase of temperature as a result of the thickening of the premelted water layer on the ice-vacuum and ice-nanopore interfaces. Around one certain temperature threshold, the unfrozen water fraction rapidly increases to 1.0. This temperature threshold was identified as the melting point. It could be observed that the melting point increased by 4 K with increasing wettability, which is consistent with the observation in Fig. 9 .
Effects of nanopore size
Nanopores with six different diameters, i.e., 1, 2, 3, 4, 5, and 6 nm, were adopted to investigate the effects of nanopore size. The characteristic interaction energy wn was fixed at 0.6 kcal/mol. Figure 11 illustrates a sectional view of the crystalized ice in the nanopores with different diameters at T c . In the last four cases, it can be observed that most of the confined water transformed into crystal ice except some water molecules adsorbed on the surface. However, no stable crystal structures were identified in the nanopores with a diameter of 1 and 2 nm. This interesting phenomenon could be attributed to the dominant effect of adsorption. Within a smaller nanopore, a larger portion of water molecules is dominated by the water-nanopore interaction, i.e., the adsorptive effect. The adsorptive effect will arrange the water molecules into some regular molecular layers as observed in Zhang et al. (2016a) . In Figs. 11a-11b , it can be observed that the confined water molecules are arranged in some orders. The free energy of these ordered water molecules is much lower than that of pure bulk water. Previous studies have shown that the free energy of adsorptive water can be 8.62 kcal/mol lower than pure bulk water (Zhang et al. 2017a) . When these ordered water molecules exhibit a lower free energy than ice, they are more energetically favored than ice and thus cannot form ice crystals (Anderson 1967) . To confirm this, the water-nanopore systems with D = 1 and 2 nm were equil- ibrated at an extremely low temperature of 50 K, but there was still no ice crystal structures. Therefore, it may be concluded that the water confined in the nanopores with a diameter smaller than a certain value (probably a value between 2 and 3 nm) cannot be frozen. With the aid of the BCC model, it may be inferred that soils cannot be further frozen below a certain temperature at which most capillary water has turned into ice.
To quantify the effect of the nanopore diameter, unfrozen water fraction -temperature curves with different nanopore diameters are compared in Fig. 12 . It could be observed that the unfrozen water fraction at T c decreases with the increase of nanopore diameter, which could be attributed to the weakening of the adsorptive effect. The melting point increased with the increase of nanopore diameter, which is consistent with existing theories (Liu and Yu 2013) . As for the nanopore with D = 3 nm, the melting point could be depressed by 57 K from that of pure bulk water.
Comparisons with Young-Laplace-Clapeyron method
As mentioned in section titled "Introduction", the temperature depression effect can be expressed as a function of matric suction in terms of the Clapeyron equation (eq. (1)). If neglecting the adsorptive effect, matric suction can be expressed as a function of the nanopore diameter with the aid of the Young-Laplace equation (eq. (2)). For a cylindrical nanopore, eq. (2) can be rewritten as
where ␣ is the ice-water-solid interface contact angle (shown in Fig. 1 ) and can be assumed to be 0°for simplicity. Substituting eq. (6) into eq. (1), the melting point could be expressed as a function of the nanopore diameter as
Herein, this way to predict the temperature depression effect is referred to as the Young-Laplace-Clapeyron method. Figure 13 illustrates the comparisons of the melting points predicted using the Young-Laplace-Clapeyron method and those from the MD simulations. It could be observed that the prediction with the Young-Laplace-Clapeyron method generally tends to underestimate the melting temperature depression. The prediction error could be as large as 22-25 K for nanopores when compared with MD simulation results. This error was likely caused by the adsorptive effect. In addition, according to the MD simulations, there exists a region, i.e., D ≤ 2 nm, where pore water cannot freeze. This region can be distinguished by a temperature point that is referred to as the "unfreezable temperature threshold". Below this threshold, all freezable pore water in soils has been transformed into ice, and the remaining liquid pore water will only undergo supercooling. By fitting the MD simulation results with an exponential curve, the "unfreezable temperature threshold" could be roughly estimated as 200 K. However, more accurate determina- tion of its value needs further well-designed MD simulations that are beyond the scope of this study. Evidently, this region is dominated by adsorption thus cannot be predicted using the YoungLaplace-Clapeyron method. Therefore, it is concluded that adsorption is not negligible in nano-size pores that govern the low-temperature range in the PCC of frozen soils. This conclusion may also apply to the SWCC of unsaturated soils in the high suction range.
To further justify the conclusion, the experiment results in silica nanopores reported by Schreiber et al. (2001) are illustrated in Fig. 13 . For all experimental cases, the Young-Laplace-Clapeyron method underestimates the temperature depression effects, which is consistent with the MD simulations. In general, the deviations between the experimental results and the Young-Laplace-Clapeyron method tend to decrease with the nanopore diameter, confirming the hypothesis that adsorption plays a more significant role in smaller pores. The melting points from experimental results are slightly higher than MD simulations. This may be attributable to the FCC crystal solid in MD simulations being more rigid than the amorphous silica. During the freezing process, the volume expansion of ice crystals needs to be compatible with the crystal surface topography. Therefore, solid properties may influence the phase transition behavior of pore water in the following two aspects: (i) the surface topography may influence the integrity of ice crystals and thus alter the unfrozen water content; (ii) the elastic modulus may have considerable effects on the confinements because the water freezing expansion needs to overcome the hoop stress provided by the solid. With the most common FCC crystal structure, this study highlighted that the Young-Laplace equation does not hold in the low temperature range, identified the existence of the "unfreezable temperature threshold", and provided a pathway to quantify the temperature depression effects in nanopores.
The predicted melting points are directly associated with matric suction via eq. (1). In this sense, this work can be regarded as an indirect way to determine matric suction in nanopores. From a thermodynamics viewpoint, matric suction (or negative matric potential) can be defined as the free energy change in a unit volume of water when being transferred reversibly and isothermally from a soil water state (i.e., pore water in soil matrix) to a free water state (i.e., pure bulk water state) (Slatyer and Taylor 1960; Noy-Meir and Ginzburg 1967) . Therefore, the calculation of free energy landscapes, which is computationally expensive, is inevitable for direct determination of matric suction via molecular simulations. Based on metadynamics (Laio and Parrinello 2002) , a powerful algorithm to enhance the sampling process in MD, a framework to determine matric potential via molecular simulations was developed in Zhang et al. (2017a) . Although metadynamics can speed up the sampling process, a simulation case involving several water molecules takes more than 1 month, indicating the computational costs are still very expensive. Consequently, in practice, this framework is only applicable to a limited number of water molecules, i.e., in the tightly adsorbed regime of SWCCs. Due to the consideration, this technique is not adopted in the current study. However, from a different angle, this study can provide an indirect estimation of matric suction up to the transition regime of capillarity and adsorption in SWCCs.
Summary and conclusions
The physical mechanisms underlying the PCC of frozen soils in the low temperature range are complicated due to the complex interplay of adsorption and capillarity. It is hypothesized that the phase behavior of water confined in nano-size pores controls the PCC in the low temperature range. To unravel the potential physical mechanisms, molecular dynamics simulation was employed to investigate the phase behavior of water confined in nanopores in this study. An mW model was adopted to depict the interatomic potentials of water while a perforated mineral with an FCC crystal structure was selected to represent the soil matrix. The wettability of the nanopore was controlled by adjusting the water-nanopore interaction energy. A specific simulation procedure was developed for determining the melting point.
Major simulation results are summarized in the following. The increase of wettability of nanopore leads to an increase the unfrozen water content at T c and may slightly increase the melting point by 4 K. The melting point increases with the increase of nanopore diameter while the unfrozen water content at T c decreases. The water confined in the nanopores with a diameter of 1 and 2 nm cannot form ice crystals, which is attributable to the dominant adsorptive effect. Compared with the simulation and documented experimental results, the Young-Laplace-Clapeyron method underestimates the temperature depression by 22-25 K and overlooks the "unfreezable temperature threshold".
This study provided a pathway to quantify the temperature depression effects in nanopores via molecular dynamics. It is highlighted that adsorption is not negligible in the low temperature range and there exists an "unfreezable temperature threshold" that is missing in the conventional ways to formulate PCC. Based on these findings, it is concluded that the Young-Laplace equation may not well apply in the low temperature range. Fig. 13 . Melting points predicted using Young-Laplace-Clapeyron method, molecular dynamics simulations, and experimental results on silica nanopores by Schreiber et al. (2001) . MD, molecular dynamics; FCC, face-centered cubic. [Color online.] 
